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INTRODUCTION 


Prior  theoretical  (e.g.,  Russell  and  Atkinson,  1973;  Jorgensen  et  al.  , 
1972;  Stern,  1973;  Crooker,  1979;  Lyons,  1984)  and  observational  (e.g., 
Heppner,  1972;  Friis-Christensen  and  Wilhjelm,  1975;  Potemra  et  al. ,  1980; 
Heelis,  1984;  Burch  et  al. ,  1985)  work  has  shown  the  governing  influence  of 
IMF  orientation  on  high-latitude  near-earth  convection  patterns.  In  the  case 
of  large  IMF  By,  a  circular  cell  dominates  the  flow  in  each  polar  region. 
This  pattern  was  first  deduced  from  ground-based  magnetogram  signatures 
(Svalgaard,  1973;  Mansurov  and  Mansurova,  197 la, b)  and  later  ascribed  to  IMF 
By  (Friis-Christensen  et  al. ,  1972).  The  flow  rotation  sense  in  the  cells  is 
opposite  in  opposite  hemispheres.  Flow  antisymmetry  can  lead  to  interesting 
implications  if  the  cellular  flow  does  not  occur  entirely  on  open  field 
lines.  Examples  of  cellular  rotational  flow  are  abundant,  but  prior  work 
emphasizes  patterns  in  the  open  region  alone  rather  than  patterns  linking 
closed  and  open  regions. 

In  this  report  we  discuss  an  apparent  large,  positive  IMF  By  case  charac- 
:erized  by  sunward  flow  in  the  northern  dusk  sector  and  an  equal  anti-sunward 
flow  in  the  northern  dawn  sector.  The  case  is  of  special  interest  because  the 
data  imply  that  all  of  the  anti-sunward  flow  occurs  on  open  field  lines  while 
only  half  of  the  flow  returns  in  the  dusk  on  open  field  lines.  The  convection 
pattern  consistent  with  the  data  is  a  simple  one-cell  clockwise  circulation. 
If  we  assume  a  steady  state,  then  open  field  lines  must  close  somehow  in  their 
nightside  sweep  from  dawn  to  dusk,  and  the  dayside  and  nightside  merging  rates 
must  balance.  Instead,  we  suggest  a  less  radical  interpretation,  which 
neither  invokes  a  new  merging  pattern  nor  postulates  an  unlikely  cooperation 
between  widely  separated  merging  sites.  We  interpret  the  event  in  terms  of  a 
moving  deformation  in  the  polar  cap  boundary.  By  symmetry,  the  flow  in  the 
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opposite  hemisphere  is  in  the  opposite  rotational  sense.  This  causes  an 
azimuthal  tilt  of  closed  field  lines  which  would  appear  in  the  nightside  as  an 


apparent  plasma  sheet  "penetration"  of  the  IMF  By  component. 

S3-3  Observations 

Figure  1  displays  a  standard  S3-3  energy-versus-time  particle  spectrogram 
along  with  the  integrated  electrical  potential  for  an  event  on  23  August  1976 
(cf.  Chiu  and  Gorney,  1983).  The  corotation  electrical  potential  has  been 
removed.  The  spectrogram  shows  electron  energy  flux  for  energies  170  eV  - 
33  keV  in  the  upper  panel  and  ion  energy  flux  for  energies  90  eV  -  3.9  keV 
plotted  on  a  reversed  energy  scale  in  the  lower  panel.  Also  plotted  is  the 
flux  of  235  keV  electrons  and  >  80  keV  protons.  The  spacecraft's  20-second 
spin  period  modulates  the  particle  data  in  pitch  angle.  The  time  interval 
covered  in  Figure  1  is  71000  to  74300  sec  UT.  During  this  interval  S3-3  was 
near  apogee  and  crossed  the  high  latitude  region  from  dusk  toward  dawn  (from 
20:00  to  8:00  MLT) .  Interplanetary  magnetic  field  data  are  unavailable  for 
this  specific  time  Interval,  but  IMF  Bx,  By  and  Bz  values  of  -3.1,  13.4  and 
-4.1  y  were  observed  a  few  hours  prior  to  this  event.  The  event  occurred  in 
the  middle  of  a  long  away  sector  (i.e. ,  positive  By)  and  during  an  extended 
period  of  negative  Dst  (i.e.,  negative  Bz).  Thus,  the  unusually  large  IMF  By 
component  and  small  negative  Bz  component  probably  also  pertain  to  the  period 
of  interest. 

The  particle  spectrogram  readily  Identifies  the  pre-midnight  central  and 
boundary  plasma  sheet  regimes  extending  up  to  A  •  76.5®  (71950  sec  UT).  Note 
that  the  electron  flux  within  the  plasma  sheet  is  modulated  at  twice  the 
spacecraft  spin  period,  the  signature  of  conjugate  loss  cones  and  diagnostic 
of  closed  field  lines.  Characteristic  of  the  evening  discrete  aurora. 


electron  and  ion  acceleration  appear  near  the  high  latitude  boundary  of  the 
plasma  sheet  at  71950  sec  UT.  Regions  of  polar  rain  extend  from  71950  to 
72350  sec  UT  and  from  72950  to  74200  sec  UT.  At  extremely  high  magnetic 
latitudes,  these  two  regions  are  separated  by  a  broad  region  of  multiple 
inverted-V  electron  precipitation  events  along  with  upf lowing  accelerated  ion 
beams.  The  reversal  of  the  large  scale  flow  pattern  associates  clearly  with 
this  broad  region  of  plasma  acceleration.  Note  that  the  more  typical  evening 
discrete  auroral  activity  near  71950  sec  UT  lies  rather  arbitrarily  within 
this  flow  pattern,  although  it  corresponds  to  a  narrow  region  of  weakly  diver¬ 
gent  convection  electric  fields  within  a  very  broad  region  of  sunward  flow. 
The  polar  cap  boundary  in  the  dawn  sector  is  at  74200  sec  UT.  It  is  marked  by 
the  onset  of  the  plasma  sheet  particle  signature  and  is  virtually  colocated 
with  the  cessation  of  anti-sunward  convection. 

The  potential  pattern  indicates  sunward  flow  on  the  dusk  side  and  anti- 
sunward  flow  on  the  dawn  side.  The  inferred  sense  of  rotation  of  this  single, 
broad  convection  cell  is  consistent  with  that  expected  for  periods  of  domi¬ 
nantly  positive  IMF  B^.  The  total  potential  associated  with  the  flow  is 
substantial,  exceeding  80  kV.  A  comparison  with  the  particle  signatures 
indicates  that  the  equatorward  half  of  the  return  sunward  flow  in  the  dusk 
sector  occurs  on  closed  field  lines. 

Interpretation 

Figure  2  shows  an  interpretation  of  the  high  latitude  circulation  pattern 
based  on  the  data  presented  in  the  previous  section.  Noon  is  at  the  top  of 
the  figure,  with  dawn  to  the  right.  The  heavy  line  represents  the  boundary 
between  open  and  closed  field  lines.  The  thin  lines  indicate  flow  stream¬ 


lines.  The  satellite  trajectory  passes  from  —  20:00  to  -  8:00  MLT.  Crosses 


A  proposed  High  Latitude  Convection  Pattern.  The  heavy  curve  is 
the  deformed  polar  cap  boundary  separating  open  from  closed  field 
lines.  Crosses  mark  the  merging  line  mapped  from  the  dayside 
magnetopause  to  the  ionosphere.  Part  of  the  merging  line  fills 
the  gap  in  the  boundary  where  freshly  merged  field  lines  enter 
the  polar  cap  along  the  thin  flow  lines.  On  the  night  side,  stream 
lines  cross  the  bulge  in  the  boundary,  but  no  flow  crosses  the 
boundary  since  the  bulge  moves  with  the  flow.  The  flow  pattern 
relative  to  the  boundary  location  along  the  heavy  satellite 
trajectory  line  matches  the  observations  in  Figure  1. 


mark  Che  mapping  of  the  merging  line  from  the  dayside  magnetopause  to  the 
ionosphere.  Its  position  with  respect  to  noon  reflects  an  assumed  negligible 
IMF  Bx  (cf.  ,  Heelis,  1984;  Reiff  and  Burch,  1985).  Open  flux  created  by 
dayside  merging  of  closed  field  lines  enters  the  polar  cap  through  the  gap 
spanned  by  a  portion  of  the  merging  line.  The  remaining  portion  extends  into 
the  polar  cap.  Dayside  merging  along  this  portion  affects  only  an  interchange 
of  open  field  lines  and  the  formation  of  lobe  convection  cells  (cf.  Reiff  and 
Burch,  1985).  Convection  generated  at  the  polar  cap  boundary  gap  extends  co 
closed  flux  regions  on  the  evening  side. 

Here  we  consider  the  polar  cap  boundary  in  the  same  manner  as  Siscoe  and 
Huang  (1985).  That  is,  open  flux  flows  across  the  gap  created  by  merging  but 
not  across  the  boundary  itself.  In  the  absence  of  tail  merging,  Siscoe  and 
Huang  suggest  chat  the  polar  cap  expands  as  open  flux  enters  it.  We  propose 
that  this  same  process  is  acting  here  in  the  following  manner.  Due  to  the 
evident  strong  IMF  By  component,  open  flux  enters  the  polar  cap  and  convects 
toward  the  morning  side  boundary.  The  added  flux  forms  a  bulge  which  propa¬ 
gates  around  the  polar  cap.  The  bulge  pushes  on  closed  field  lines,  enlarging 
Che  polar  cap  and  setting  up  the  circulation. 

If  dayside  merging  of  closed  field  lines  continues  at  a  steady  rate,  the 
bulge  continues  to  propagate  around  the  polar  cap  in  ever-widening  circles, 
thus  increasing  its  size  by  adding  layers  around  the  circumference.  Even¬ 
tually  some  critical  threshold  is  reached  and  flux  loss  begins  through  night- 
side  merging  (e.g.,  Siscoe,  1982).  If  dayside  merging  of  closed  field  lines 
ceases,  flux  is  no  longer  added  to  the  polar  cap,  and  only  open  field  lines 
circulate  within  it,  as  is  commonly  pictured. 


It  is  important  to  understand  that  although  this  interpretation  is  time 
dependent,  it  does  not  depend  upon  the  spacecraft  having  crossed  the  polar  cap 
at  some  single,  specific  point  in  the  time  history  of  a  pattern  change.  What 
we  require  for  this  intepretation  is  a  quasi-steady  period  of  large,  positive 
IMF  By  and  somewhat  negative  Bz.  The  polar  cap  then  expands  steadily  in 
spiral  fashion.  We  require  only  that  the  spacecraft  crosses  during  that  half 
of  the  spiral  cycle  when  the  bulge  is  on  the  nightside.  Thus,  given  the 
steady,  required  IMF  conditions,  there  is  a  50%  chance  of  observing  the  pat¬ 
tern  in  Figure  1,  with  part  of  the  sunward  convection  on  closed  field  lines. 

The  alternative  interpretation  of  a  steady  state  requires  that  the  polar 
cap  boundary  remains  fixed  and  that  merging  allows  the  convecting  field  lines 
to  cross  the  nightside  polar  cap  boundary  at  the  same  rate  at  which  they  merge 
on  the  dayside.  Observations  do  not  support  this  picture.  It  is  well  known 
that  the  polar  cap  expands  and  contracts,  and  changing  size  demands  an  imbal¬ 
ance  in  dayside  and  nightside  merging  rates.  Further,  recent  DE-1  observa¬ 
tions  of  the  auroral  regions  suggest  that  the  polar  cap  behaves  very  much  like 
a  fluid,  with  bulges  and  turbulence  around  its  circumference  (Frank,  1984) . 
In  Figure  2,  a  series  of  bulges  and  turbulence  around  the  polar  cap  boundary 
would  reflect  variations  in  the  dayside  merging  rate. 

For  the  southern  hemisphere,  one  should  reverse  the  pattern  in  Figure 
2.  (Data  were  unavailable  for  the  southern  hemisphere.)  The  presence  of  a 
similar,  but  antisymmetric  bulge  in  the  southern  hemisphere  creates  an  inter¬ 
esting  change  in  the  closed  field  line  configuration.  Figure  3  shows  an  earth 
view  from  the  night  side  with  the  proposed  circulation  patterns  superimposed 
at  high  latitudes.  The  bulge  in  the  northern  polar  cap  pushes  closed  field 
lines  from  morning  to  evening  while  the  reverse  occurs  in  the  southern 
hemisphere.  This  would  produce  a  tilt  in  the  field  lines  around  the 
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IMF 

igure  3.  Proposed  Field  Line  Tilting  Sequence 
Which  Results  from  Oppositely 
Directed  Convection  of  Closed  Field 
Lines  in  Each  Hemisphere.  The  view 
is  toward  the  sun  from  behind  the 
earth.  A  dipole-like  field  line 
aligned  with  the  midnight  meridian  at 
tj,  tilts  to  a  maximum  angle  at  ti. 
This  angle  can  be  no  larger  than 
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circumference  of  the  polar  cap.  The  field  line  illustrated  on  the  night  side 
at  times  t^,  t2«  and  t3  tilts  in  the  IMF  By  direction.  On  the  dayside  the 
same  azimuthal  tilt  would  be  opposite  the  IMF  direction. 

Two  notes  of  caution  are  in  order  here.  First,  the  maximum  possible 
angle  of  tilt,  9,  is  probably  never  attained  both  because  the  field  lines  may 
bend  out  of  their  plane,  as  shown  in  Figure  3,  and  because  their  conjugate 
feet  may  not  be  fully  coupled  owing  to  field-aligned  potential  drops.  Second, 
cusp-related  effects  may  mask  or  eliminate  the  predicted  dayside  tilting  (See, 
for  example,  Burch,  1979). 

The  predicted  nightside  tilting  may  explain  some  puzzling  observational 
results.  Lui  (1983)  compared  measurements  of  the  neutral  sheet  By  and  IMF  By 
components.  He  found  that  the  IMF  and  plasma  sheet  y-components  correlate 
positively.  Fairfield  (1979)  found  a  similar  but  weaker  correlation  between 
the  orientation  of  open  lobe  field  lines  and  the  IMF.  Both  observations  were 
interpreted  in  terms  of  penetration  of  the  IMF,  but  penetration  should  be 
stronger,  not  weaker,  on  open  field  lines.  Our  interpretation  of  azimuthal 
tilting  of  closed  field  lines  solves  this  dilemma. 

An  alternative  interpretation  of  the  observed  convection  pattern  would 
have  the  closed  field  lines  in  the  southern  and  northern  hemispheres  convect- 
ing  in  the  same  direction,  namely,  sunward  at  dusk.  This  would  create  a  two¬ 
cell  convection  pattern  in  the  southern  hemisphere  but  retain  a  single  cell  in 
the  north.  We  consider  this  unlikely  since  there  is  no  reason  to  expect  one 
hemisphere  to  "drive"  convection  in  the  opposite  hemisphere,  especially  near 
equinox.  Reversing  the  argument  implies  that  a  two-celled  pattern  is  equally 
likely  in  the  north  for  these  conditions.  This  is  not  observed.  Therefore, 


we  argue  that  neither  hemisphere  "drives"  the  other,  and  predict  azimuthal 
tilting  of  the  closed  field  lines. 


Cowley  and  Hughes  (1983)  tested  synchronous  satellite  data  for  IMF  pen¬ 
etration  and  found  a  significant  effect  with  large  local  time  and  seasonal 


variations.  Unfortunately,  it  is  difficult  to  tell  if  their  results  are 
consistent  with  our  predictions  due  to  the  format  of  their  data  presenta¬ 
tion.  The  predicted  azimuthal  tilting  should  be  tested  directly  at  syn¬ 
chronous  orbit. 

A  problem  which  has  not  been  addressed  in  our  interpretation  is  the 
source  of  accelerated  particles  in  the  central  polar  cap  in  Figure  1.  Lyons 
(1984)  and  Chiu  et  al.  (1985)  point  out  that  the  negative  electric  field 
divergence  in  the  center  of  a  clockwise  cell  should  accelerate  the  particles 
there.  But  the  accelerated  particles  appear  to  be  from  the  plasma  sheet  or 

boundary  plasma  sheet  (Chiu  and  Gorney,  1983).  No  flow  lines  lead  from  the 

plasma  sheet  to  the  center  of  the  polar  cap  in  Figure  2.  Small-scale  flows 
evident  near  the  center  of  the  potential  pattern  may  be  part  of  a  second  order 
flow  pattern  bringing  boundary  plasma  into  the  polar  cap.  One  can  expect  that 

the  advancing  bulge  ■'scours”  the  particles  up  and  into  the  polar  cap.  As 

mentioned  earlier,  auroral  images  often  show  evidence  of  such  boundary  tur¬ 
bulence. 

Summary 

We  present  an  observation  of  plasma  and  convectioo  morphology  over  the 
northern  high-latitude  regions  which  shows  a  single  convection  cell  rotating 
in  the  clockwise  sense,  appropriate  for  IMF  >  0.  All  of  the  anti-sunward 
flow  occurs  on  open  field  lines  while  only  half  of  the  dusk  region  return 
sunward  flow  occurs  on  open  field  lines.  We  interpret  these  observations  in 
terms  of  a  polar  cap  expanding  by  means  of  an  advancing  bulge  in  the 
boundary.  Although  we  developed  the  model  to  explain  a  specific  observation, 


its  application  is  general.  It  follows  as  a  natural  extension  of  the  work  of 
Siscoe  and  Huang  (1985)  and  describes  the  manner  in  which  the  polar  cap 
expands  when  is  large.  A  consequence  of  this  interpretation  is  that  a 
polar  cap  boundary  bulge  must  also  occur  in  the  opposite  hemisphere,  circulat¬ 
ing  in  the  opposite  sense,  and  cause  an  azimuthal  tilting  of  closed  field 
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LABORATORY  OPERATIONS 


The  Aerospace  Corporation  functions  as  an  ’"archi tect  -eng ineer  "  for 
national  security  projects,  specializing  in  advanced  military  space  systems. 
Providing  research  support,  the  corporation's  Laboratory  Operations  conducts 
experimental  and  theoretical  investigations  that  focus  on  the  application  of 
scientific  and  technical  advances  to  such  systems.  Vital  to  the  success  of 
these  investigations  is  the  technical  staff's  wide-ranging  expertise  and  its 
ability  to  stay  current  with  new  developments.  This  expertise  is  enhanced  by 
a  research  program  aimed  at  dealing  with  the  many  problems  associated  with 
rapidly  evolving  space  systems.  Contributing  their  capabilities  to  the 
research  effort  are  these  individual  laboratories: 

Aerophysics  Laboratory:  Launch  vehicle  and  reentry  fluid  mechanics,  heat 
transfer  and  flight  dynamics;  chemical  and  electric  propulsion,  propellant 
chemistry,  chemical  dynamics,  environmental  chemistry,  trace  detection; 
spacecraft  structural  mechanics,  contamination,  thermal  and  structural 
control;  high  temperature  thermomechantcs ,  gas  kinetics  and  radiation;  cw  and 
pulsed  chemical  and  excimer  laser  development  Including  chemical  kinetics, 
spectroscopy,  optical  resonators,  beam  control,  atmospheric  propagation,  laser 
effects  and  countermeasures. 

Chemistry  and  Physics  Laboratory:  Atmospheric  chemical  reactions, 
atmospheric  optics,  light  scattering,  state-specific  chemical  reactions  and 
radiative  signatures  of  missile  plumes,  sensor  out -of -f ield-of -view  rejection, 
applied  laser  spectroscopy,  laser  chemistry,  laser  optoelectronics,  solar  cell 
physics,  battery  electrochemistry,  space  vacuum  and  radiation  effects  on 
materials,  lubrication  and  surface  phenomena,  thermionic  emission,  photo¬ 
sensitive  materials  and  detectors,  atomic  frequency  standards,  and 
environmental  chemistry. 

Computer  Science  Laboratory:  Program  verification,  program  translation, 
performance-sensitive  system  design,  distributed  architectures  for  spaceborne 
computers,  faul t -tolerant  computer  systems,  artificial  intelligence,  micro¬ 
electronics  applications,  communication  protocols,  and  computer  security. 

Electronics  Research  Laboratory:  Microelectronics,  solid-state  device 
physics,  compound  semiconductors,  radiation  hardening;  eleccro-optics ,  quantum 
electronics,  sol  id -state  lasers,  optical  propagation  and  communicat ions; 
microwave  semiconductor  devices,  microwave/millimeter  wave  measurements, 
diagnostics  and  radiometrv,  microwave/millimeter  wave  thermionic  devices; 
atomic  time  and  frequency  standards;  antennas,  rf  systems,  electromagnetic 
propagation  phenomena,  space  communication  systems. 

Materials  Sciences  Laboratory:  Development  of  new  materials:  metals, 
alloys,  ceramics,  polymers  and  their  composites,  and  new  forms  of  carbon;  non- 
destructi ve  evaluation,  component  failure  analysis  and  reliability;  fracture 
mechanics  and  stress  corrosion;  analysis  and  evaluation  of  materials  at 
cryogenic  and  elevated  temperatures  as  well  as  in  space  and  enemy-induced 
euv i ronments . 

Space  Sciences  Laboratory:  Magnetospher ic ,  auroral  and  cosmic  ray 
physics,  wave -par t ic le  interactions,  magnetospher 1 c  plasma  waves;  atmospheric 
and  ionospheric  physics,  density  and  composition  of  the  upper  atmosphere, 
remote  sensing  using  atmospheric  radiation;  solar  physics,  infrared  astronomv, 
infrared  signature  analysis;  effects  of  solar  activity,  magnetic  storms  and 
nuclear  explosions  on  the  earth's  atmosphere,  ionosphere  and  magnetospher e ; 
effects  ot  elect r^magnet Ic  and  particulate  radiations  on  space  systems;  space 
i nstrumentat ion. 


